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Abstract 
A comprehensive monitoring program will be needed in order to assess the effectiveness of carbon sequestration at the 
FutureGen 2.0 carbon capture and storage (CCS) field-site. Geophysical monitoring methods are sensitive to subsurface changes 
that result from injection of CO2 and will be used for: (1) tracking the spatial extent of the free phase CO2 plume, (2) monitoring 
advancement of the pressure front, (3) identifying or mapping areas where induced seismicity occurs, and (4) identifying and 
mapping regions of increased risk for brine or CO2 leakage from the reservoir. Site-specific suitability and cost effectiveness 
were evaluated for a number of geophysical monitoring methods including: passive seismic monitoring, reflection seismic 
imaging, integrated surface deformation, time-lapse gravity, pulsed neutron capture logging, cross-borehole seismic, electrical 
resistivity tomography, magnetotellurics and controlled source electromagnetics. The results of this evaluation indicate that CO2 
injection monitoring using reflection seismic methods would likely be difficult at the FutureGen 2.0 site. Electrical methods also 
exhibited low sensitivity to the expected CO2 saturation changes and would be affected by metallic infrastructure at the field site. 
Passive seismic, integrated surface deformation, time-lapse gravity, and pulsed neutron capture monitoring were selected for 
implementation as part of the FutureGen 2.0 storage site monitoring program.  
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1. Introduction 
The advancement of carbon capture and storage (CCS) technology shows promise for addressing carbon dioxide 
(CO2) emissions and global climate change concerns.  The objectives of the FutureGen 2.0 project are to 
demonstrate, at the utility-scale, the technical feasibility of implementing carbon capture and storage in a deep saline 
reservoir [1, 2].  Implementation of the FutureGen 2.0 project supports these objectives.  In cooperation with the 
U.S. Department of Energy (DOE), the FutureGen 2.0 project partners—the FutureGen Industrial Alliance, Inc. 
(Alliance)—will repower a previously retired oil-fired power plant in Meredosia, Illinois, with oxy-combustion 
technology to capture approximately 1.1 million metric tons (MMT) of CO2 each year, which is more than 90 
percent of the plant’s carbon emissions.  Other emissions, such as sulfur oxides, nitrogen oxides, and mercury, will 
be reduced to near-zero levels.  Using safe and proven pipeline technology, the CO2 will be transported in a 45.4 km 
-long pipeline to the storage site near Jacksonville, Illinois, and injected into a deep saline reservoir (~1,200 m below 
ground surface) through a network of horizontal injection wells.  
 
 A monitoring program has been designed to assess storage site performance and meet the regulatory 
requirements of the Class VI Underground Injection Control (UIC) Program for Carbon Dioxide Geologic 
Sequestration. Geophysical monitoring methods are sensitive to subsurface changes that can occur due to changes in 
fluid saturation or pressure resulting from CO2 injection.  The use of indirect geophysical monitoring technologies is 
a regulatory requirement, with at least one indirect methodology needed for both CO2 plume and pressure front 
tracking.  This paper provides a brief description for each of the geophysical monitoring technologies considered by 
the FutureGen 2.0 project, along with a discussion of suitability under site specific conditions.  The selection process 
considered the level of sensitivity, spatial resolution, installation and operational costs, the potential for interference 
with other monitoring activities, and the likelihood of local landowner acceptance. 
2. Geophysical Methods Evaluation  
Geophysical monitoring technologies were evaluated with respect to site-specific conditions and suitable 
methodologies were selected for deployment as part of the monitoring program. The evaluation process included 
field surveys, laboratory, and modeling components in the analysis. 
2.1. Passive Seismic 
Stress changes due to the injection of CO2 at the FutureGen 2.0 site is expected to generate small to moderate 
magnitude (-2 to +3) seismic events. Two general passive seismic monitoring station types were considered: near 
surface stations and deep borehole arrays. Surface stations are designed with a strong motion accelerometer, 
broadband seismometer and geophone emplaced within an approximately 100 m borehole. Deep borehole sensors 
consist of an array of robust three-component (3C) sensors cemented on the outside of the final casing with the 
lowermost sensor beginning just above the caprock and extending to approximately 300 m below ground surface.  
A primary objective of passive seismic monitoring is to determine the location of seismic events related to the 
injection of CO2. Assuming that there are no errors in the velocity model, two key parameters affect the errors in 
locating seismic events for a given sensor network: sensor geometry and the maximum observable event distance, 
with the latter depending on both the event magnitude and sensor/site characteristics. To examine the performance 
of a number of possible network geometries that might be used for passive seismic monitoring at the FutureGen 2.0 
storage site, an uncertainty analysis was performed using a grid search method [3]. To reduce the computational 
burden, a homogeneous velocity model was used and determined from an arithmetic average of the velocity log 
from the initial stratigraphic borehole drilled at the field site. Uncertainties in the velocity model can dominate the 
overall location errors and the results are therefore considered a simple scoping tool to assess passive seismic 
network configurations.  
 
A number of cases were investigated using various network geometries and maximum event distances. For each 
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case, location error maps were generated at various depths. Location errors were divided into horizontal (northing 
and easting) and vertical (depth) errors. Array geometries using surface sensors and sensors located within a deep 
monitoring borehole were considered. The locations of both the surface stations and monitoring boreholes were 
chosen to reasonably cover the maximum extent of the modeled CO2 plume obtained using the PNNL STOMP-CO2 
multiphase flow simulator [4] and satisfy logistical constraints such as landowner acceptance. The effects of limited 
detection were investigated by varying the maximum observable event distances from 1000 m to 5000 m.  
 
In addition to the effects of station network geometry, sensor characteristics such as sensitivity, noise floor, 
robustness, along with system redundancy and cost must also be considered in choosing the appropriate passive 
seismic network. Based on the location uncertainty analysis, the need for sensor redundancy, and the relative 
partitioning of system component cost, a five station surface array and two multilevel, 3-component fiber-optic 
based deep borehole arrays will be used for the passive seismic monitoring network. The monitoring network is 
shown in Fig. 1 along with the calculated event location error maps at the reservoir depth using a maximum 
observable event distance of 3000 m. The proposed deep borehole and surface sensor arrays are expected to locate 
events with magnitudes greater than -1 and should have adequate azimuthal and vertical coverage such that good 
quality moment tensor inversions can be performed for events that are detectable at all stations. 
 
 
Fig. 1. Seismic event vertical location uncertainties: five station surface array (green 
diamonds) and two, 20-level 3C borehole arrays (yellow circles). The modeled CO2 plume 
extents at 1, 2, 5, 10, 20, 22, and 70 years are also shown. 
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2.2. Reflection Seismic Methods 
Surface-surface and surface-borehole based reflection seismic technology has been demonstrated at several CO2 
sites including Weyburn, Sleipner, and Decatur [5,6]. Reflection seismic has been effectively used for mapping both 
the pressure front and the extent of CO2 saturation changes during CO2 injection. The utility of reflection seismic 
methods for monitoring the injection of CO2 depends on a number of site-specific properties and must be evaluated 
on a site by site basis. Based on the site specific evaluation under FutureGen 2.0 storage site conditions, it is 
unlikely that differences in CO2 saturation within the reservoir would be detected. 
 
A multi-offset Vertical Seismic Profile (VSP) survey and 2D seismic-reflection surveys were conducted at the 
FutureGen 2.0 storage site in order to provide both preliminary subsurface characterization and to investigate the 
feasibility of surface based seismic reflection methods for CO2 monitoring and site characterization. In addition to 
the seismic surveys, a modeling study was performed to further investigate the efficacy of reflection seismic 
methods for CO2 monitoring at the site [7]. A Gassmann’s type fluid substitution model [8] was used to calculate the 
changes in seismic properties due to changes in bulk density and compressional-wave velocity. The results of the 
modeling show that the reflection signal differences between brine-saturated rock, and rock at 80-percent CO2 
saturation within the reservoir is near the detection limits of the method conditions, although multicomponent 
seismic could still be effective for detecting gas phase above 800m. 
2.3. Integrated Surface Deformation 
A modeling analysis was performed to determine the elevation changes at the surface that would be expected as a 
result of CO2 injection pressure changes. Two parallel modelling approaches were used. The first method used a 
simple analytical Biot-based, poro-elastic model to translate the expected pore pressure increase within each of the 
reservoir layers into an equivalent vertical displacement at the surface. The second method utilized a fully 3D 
geomechanical modelling analysis to calculate the expected deformation at the surface associated with the injection 
of CO2. The 3D modeling was performed using the STOMP-CO2/ABAQUS® sequentially coupled simulator [9]. 
For both methods, elastic properties were derived from geophysical well logs acquired within the FGA-1 
characterization borehole.  
The results of the analytical modeling are shown in Fig. 2 for an approximately 12 km transect passing through 
the center of the field site. The maximum expected surface deformation of approximately 0.022 m occurs 
immediately above the injection wells. More than half of the maximum deformation is predicted to occur in the first 
year. The 3D geomechanical modeling analysis show similar results (Fig. 3) to the analytical method and resulted in 
a maximum observable surface deformation of approximately 0.02 m. 
 
The deformation monitoring will include orbital InSAR data along with continuously operating GPS and 
tiltmeters co-located with the surface seismic stations and augmented with periodic GPS field surveys (Fig. 4).  
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Fig. 2. Surface deformation predicted along a single EW transect through the injection well 
pad using an analytic method. 
 
 
 
Fig. 3. Aerial extent of the 3D predicted surface deformation along with the 20-year injected 
CO2 plume. Surface seismic and continuous deformation stations are shown with red circles 
and the 22-year CO2 plume is outlined in blue. 
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Fig. 4. Stations used for periodic GPS and gravity surveys. 
2.4. Time-Lapse Gravity 
The feasibility of monitoring CO2 saturation changes using time-lapse gravity surveys was evaluated using a 3D 
numerical modeling analysis. Forward modeling was performed using ENcom Model Vision TM 12.0 [10]. A fluid 
density of 1.09 g/cm3 for reservoir brine and 0.60 g/m3 for supercritical CO2 was used, and the porosity of rock was 
set at 0.2.  A simplified block model representing the reduction in density due to replacement of brine with 
supercritical CO2 was used as the density anomaly. A cross-section of the simplified density anomaly model 
corresponding to 22 MMT of CO2 is shown in Fig. 5 along with the expected gravity signal change of up to-50 
microGal in response to the simulated CO2 injection.  
 
The expected gravity changes at the surface will be close to the detection limit of 10 microGal and baseline noise 
levels will be an important component to successful implementation.  Site noise is anticipated to be low and can be 
further reduced through statistical averaging. Time-lapse gravity monitoring will be performed using repetitive 
annual surveys at a network of stations located at ground surface. The cost of implementing this technology is quite 
low and will be co-located with the integrated surface deformation monitoring stations to further reduce costs. 
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Fig. 5. Predicted gravity anomaly caused by the simulated 20-Year CO2 plume (solid blue body). 
2.5. Pulsed Neutron Capture 
Pulsed neutron capture logging has been successfully implemented at several carbon sequestration sites [11,12]  
and can be effectively used to determine CO2 saturation in the vicinity of a monitoring well.  Pulsed neutron capture 
measurements are typically more effective in higher porosity (>0.15) formations. At the FutureGen 2.0 storage site, 
reservoir porosities are expected to be moderate and should allow for quantitative estimates of changes in CO2 
saturation. Measurements are also sensitive to a localized region surrounding the borehole (15-30 cm) and are 
therefore susceptible to interference from materials located within or near the borehole. To avoid interferences due 
to CO2 invading the borehole, cemented, non-perforated casing will be installed for each of the planned logging 
boreholes or reservoir access tubes (RAT). 
2.6. Cross-Borehole Seismic 
Cross-well seismic monitoring can be conducted within the injection reservoir, and provides for much better 
resolution of the rock heterogeneity and two successive time lapse cross-well seismic surveys may be able to 
provide high resolution imaging of the CO2 plume [13]. Cross well surveys have been demonstrated at several pilot 
scale carbon sequestration sites. This technology can also been applied to both vertical and horizontal well 
geometries. Cross-well imaging typically requires borehole separations of less than approximately 1000 m.  
Although this technology does have the potential to allow for high resolution images of the CO2 plume, using this 
methodology would require a substantial network of boreholes to track the development of the 20-year CO2 plume. 
In addition to being cost prohibitive, the required borehole network would create a number of additional caprock 
penetrations.  
2.7. Electrical Resistivity Tomography 
Due to the contrast in electrical properties between brine and supercritical CO2, electrical resistivity tomography 
has potential for detecting and quantifying changes in supercritical CO2 saturation within a reservoir. Also, at lower 
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pressures CO2 will dissolve into pore-water, increasing the electrical conductivity and providing a means to detect 
fugitive CO2 above the primary confining zone. The feasibility of electrical resistivity monitoring was evaluated 
through a modelling analysis, laboratory core measurements, and a field-scale evaluation of surface electrode array 
characteristics including site electrical noise conditions. Results indicate that this configuration could effectively 
image the CO2 plume; however, this scenario would substantially impact other operational aspects thus this method 
will not be used as part of the monitoring program.  
 
Synthetic modeling was performed to determine if the signal responses related to the CO2 plume would be 
adequate for effective electrical resistivity imaging using practical electrode arrays. Electrode arrays are required to 
be cost effective, not interfere with other monitoring activities, and to meet all landowner acceptance requirements. 
Both discrete surface electrode arrays and borehole casings as long-electrodes were numerically evaluated to 
quantify their performance. A finite element electrical resistivity forward modeling and inversion code was used 
[14]. The modeled CO2 plume was generated using the STOMP flow and transport simulator. CO2 saturation 
changes were converted to bulk conductivity using Archie’s Law with parameters extracted from the resistivity 
wireline logs and the results of the laboratory core analyses.  
 
Electrical noise is a critical parameter for determining whether changes in subsurface electrical potentials 
influenced by the CO2 plume would likely be detectable. The field surveys indicated relatively noise free conditions, 
allowing for collection of high quality electrical resistivity data. Using the surface electrode array alone, changes in 
the simulated data after 3 years of injection were not sufficient to exceed the noise levels.  Next, the surface array 
was augmented with borehole casings as long electrodes. In this case, data sensitivity increased; however, 
subsurface potentials generated within the CO2 plume were affected by the metallic casing of injection and 
monitoring wells, reducing the capability of the system as a whole to effectively image changes in CO2 saturation 
(Fig. 6).  Finally, discrete electrodes placed along electrically isolated injection well casings along with the surface 
array were modelled. Results indicate that this configuration could effectively image the CO2 plume; however, this 
scenario would substantially impact other operational aspects, thus this method will not be used as part of the 
monitoring program. 
 
Fig. 6. Results of the electrical resistivity inversion for the 3-year CO2 plume showing the 
reduced imaging quality due to metallic infrastructure. Blue colors correspond to the 
reduction in electrical conductivity due to the CO2 plume. The locations of the surface 
electrodes (black circles) and the monitoring wells (red circles) are also shown. 
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2.8. Magnetotellurics and Controlled Source Electromagnetics 
Similar to electrical resistivity tomography, electromagnetic methods have the potential to image CO2 saturation 
changes due to the contrast in electrical properties between brine and supercritical CO2. The feasibility of 
magnetotelluric and controlled source electromagnetic methods for monitoring the evolution of the CO2 plume was 
evaluated and results indicate that both methods will be unable to image the expected CO2 saturations changes. 
Forward and inverse modeling was performed with EM3D [15] using a Cartesian grid of monitoring stations in 
the inverse modeling. Saturations within the main volume are expected to reach approximately 50%, with relatively 
low values at the edge of the plume, and were used to guide the development of a simplified plume for modeling. 
Both the background and modeled plume electrical conductivity values used in the simulations were similar to those 
used for the electrical resistivity simulations. Background conductivity values were calculated using the borehole 
logs; conversion of CO2 saturations was performed using Archie’s law with parameters derived from core tests. 
Inversion of the 30 year magnetotelluric data is illustrated in Figure 7a.  Instead of the expected decrease in 
conductivity, the simulations showed a slight increase in conductivity resulting from very low sensitivity of the 
inversion to injection induced electrical conductivity changes.  The non-uniqueness of the inversion combined with 
the small changes in injection-related response make it difficult for the inversion to converge to the true model.  
Similar to magnetotellurics, the controlled source electromagnetic inversion results using only stations at the 
surface also showed little sensitivity in the inversion. To increase the sensitivity, the receivers were placed down the 
borehole and the transmitter remained at the surface.  While the bulk changes within the entire reservoir were 
reasonably estimated, the inversion was unable to identify lateral variations in CO2 saturation as shown in Fig. 7b. 
 
Fig. 7. (a) Magnetotelluric inversion results predicted higher conductivity (0.1 Sm-1) than the true bulk value (0.05 Sm-1); (b) Controlled source 
electromagnetics inversion resulted in a nearly uniform conductivity model (dark red) indicating very little sensitivity to lateral CO2 saturation 
changes. 
3. Summary  
A comprehensive set of potential geophysical monitoring technologies for the FutureGen 2.0 carbon 
sequestration project has been evaluated. The suite of viable technologies selected for implementation includes: 
passive seismic, integrated surface deformation, time-lapse gravity, and pulsed neutron capture monitoring. The 
results of this evaluation indicate that within-reservoir CO2 injection monitoring using reflection seismic and 
electrical methods would likely be infeasible under FutureGen 2.0 storage site. The planned geophysical monitoring 
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network consists of permanent stations that will continuously acquire data from seismic sensors, GPS, and tiltmeters 
in addition to semi-permanent monuments that will be used for periodic gravity and GPS field surveys. 
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